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ABSTRACT
We present a summary of the new optical intermediate-band filter system for the prime-
focus camera, Suprime-Cam, on the Subaru telescope at Mauna Kea Observatories. We
also discuss a future plan to promote a new deep survey with this filter system (the
MAHOROBA project).
1. INTRODUCTION
Recent great progress in the observational as-
tronomy have revealed that a large number of
high-redshift galaxies can be accessible by contin-
uum emission of galaxies (stellar continuum, ther-
mal continuum from dust grains, or nonthermal
continuum from plasma heated by supernovae) in
a wide range of observed wavelengths between op-
tical and radio (e.g., Williams et al. 1996, 2000;
Lanzetta et al. 1996; Madau et al. 1996; Barger
et al. 1998; Hughes et al. 1998).
Another important technique to probe high-z
young galaxies is to search for strong emission-
line (e.g., Lyα) galaxies. It has been often ar-
gued that forming galaxies at high redshifts ex-
perienced very luminous starbursts and thus they
could be much brighter in line emission such as
Lyα and [O ii]λ3727 emission lines. However,
the low-resolution spectroscopic capability of 8-
m class telescopes is accessible only for galaxies
with a magnitude brighter than B ∼ 24.5 mag
(e.g., Steidel et al. 1996a, 1996b). Therefore,
even now, it is difficult to investigate properties
of very faint galaxies with B > 25, most of which
may be interesting high-z galaxies.
In order to improve our understanding of the
nature of such faint galaxies, we would like
to promote a new optical deep surveys with
intermediate-band filters whose spectroscopic res-
olutions are significantly higher than those of typ-
ical broad-band filters. In this article, we present
a short summary of the new optical intermediate-
band filter system for the prime-focus camera,
Suprime-Cam (Miyazaki et al. 1998), on the Sub-
aru telescope (Kaifu 1998; Kaifu et al. 1998) at
Mauna Kea Observatories. We also discuss a fu-
ture plan to promote a new deep survey with this
filter system (the MAHOROBA project1).
2. THE FILTER SYSTEM
The Subaru intermediate-band filter (IBF) sys-
tem consists of 22 filters with a spectral resolu-
tion of R = λ/∆λ ≈ 23, covering a wavelength
range between 3830 A˚ and 9900 A˚ (Table 1; see
also Hayashino et al. 2000). The final specifica-
tions of these filters are summarized in Table 2.
Their nice performance was already demonstrated
by the wonderful image of the Ring Nebula M57
(Komiyama et al. 2000; see also Nature 401, 314).
In Figure 1, we show the transmission curves for
all the IBFs. The merits of our IBF system are
summarized below.
I) More reliable estimate of photometric red-
shifts of very faint galaxies: The accuracy of pho-
tometric redshifts using our IBF system is ∼90%
(Shioya et al. 2001), being much higher than
those using broad-band photometric information,
i.e., ∼60% (e.g., Hogg et al. 1998). Therefore,
our filter system enables us to investigate physi-
cal properties of faint galaxies down to 27AB and
thus contribute to the understanding of cosmic
star formation history as well as the large scale
structure at high redshift.
II) More accurate estimate of SEDs of high-
1MAHOROBA is an ancient Japanese word. The meaning of this word is “the best place” or “the most comfortable
place”. Since the Subaru telescope must be a MAHOROBA for Japanese optical/infrared astronomers, we call our new
deep survey program MAHOROBA.
1
z galaxies: Since the spectroscopic resolution of
IBF system is R = 23, we will be able to investi-
gate spectral energy distribution (SEDs) of high-z
faint galaxies more accurately. Our data are also
useful in investigating the SED of old (∼ 109 years
old) galaxies at intermediate redshift, e.g., z ∼ 1
(e.g., Dunlop et al. 1996; Cowie et al. 2001).
Therefore, deep surveys with the present IBF sys-
tem allow us to investigate the cosmic star forma-
tion history from high-z through intermediate-z
to the present day unprecedentedly.
III) More efficient capability of searching for
strong emission-line objects: Deep surveys with a
narrow-band filter provide a powerful method to
search for strong emission-line galaxies. Indeed, ∼
100 high-z Lyα emitters have been found recently
(Cowie & Hu 1998; Keel et al. 1999; Steidel et al.
2000). However, it is expected from the above re-
cent surveys that a huge number of such strong
emission-line sources have not yet been probed
by the existing deep broad-band surveys because
the majority of them have too faint continuum
emission fluxes and thus they cannot be seen in
broad-band images (see also Hu et al. 1999).
For Lyα emitters whose continuum magnitudes
are brighter than 27 AB (see section 3), we will be
able to detect them surely by examining the con-
tinuum depression shorter than λ < λLyα, which
is an important characteristic of high-z Lyα emit-
ters. Even for Lyα emitters whose continuum
magnitudes are fainter than 27 AB, we will be
able to detect them surely if their emission-line
equivalent widths (EW) in the observed frame are
larger than 200 A˚.
It is here remembered that the existing narrow-
band deep surveys were made for small selected
volumes at high redshifts (e.g., ∼ 103h−3 Mpc3
where h is defined with a Hubble constant of
H0 = 100h km s
−1 Mpc−1) and thus there is
no systematic search for strong emission-line ob-
jects of a significantly large volume of the young
universe. Thanks to the wide-field coverage of
Suprime-Cam (34′ × 34′), our survey can probe a
volume of more than 106h−3 Mpc3 in a field.
Strong emission-line galaxies could be much
more common at high redshift. If this is the case,
it seems dangerous to investigate the cosmic star
formation history solely using galaxies found in
broad-band deep surveys, such as Lyman break
galaxies (LBGs). This also reinforces the impor-
tance of deep surveys with our IBF system.
In summary, deep and wide-field imaging with
the combination between this IBF system and
Suprime-Cam on Subaru will contribute very
much to the understanding of cosmic star for-
mation history in the universe and the growth of
large-scale structures in the universe.
3. THE MAHOROBA PROJECT
The 8-m class telescope facilities such as the
W. M. Keck telescopes, VLTs, and Subaru have
the greatest capability of probing high-z uni-
verse. Among the 8-m class telescopes, Subaru
has a very unique merit; i.e., the wide-field prime-
focus camera, Suprime-Cam, whose sky coverage
is 34′×34′. This instrument enables us to perform
wide-field, deep imaging surveys in the optical.
However, in the 90’s, the Hubble Deep Field
project (Williams et al. 1996) already brought
us the very deep images of the universe down to
29AB. Even though its field is not so wide, we
have learned so many things from this survey to-
gether with the HDF-S project (Williams et al.
2000). Therefore, simple deep imaging surveys
with typical broad-band filters on the 8-m class
telescopes will not give us a new impact even if
we use Supreme-Cam on Subaru. We then be-
lieve that a new frontier will be high-spectral-
resolution, deep imaging surveys. This is the main
reason why we are now planning to promote a new
deep survey program called “MAHOROBA” us-
ing the present IBF system on Subaru.
In this project, we will observe some blank
sky fields such the Hubble Deep Field-North
(Williams et al. 1996) and the Subaru Deep Field
(Maihara et al. 2001). The limiting magnitude
of this survey is tentatively set to be 27AB for
each IBF. Our main aims are; i) to investigate
the origin of reionization of the universe, and ii)
to search for primeval (metal-free) galaxies, be-
cause there has been no such an attempt in the
optical.
According to the big bang cosmology, our uni-
verse began 12-14 billion years ago. The universe
was filled with hot plasma for the first 300,000
years (corresponding to redshift z ∼1000) and
then the plasma recombined after that epoch.
However, it is known that the universe (the inter-
galactic space) between redshift 0 and 5 is com-
pletely ionized. Therefore, our universe was reion-
ized by some ionization sources between z ∼1000
and z ∼5 (i.e., the dark age: Rees 1996, 1999;
see also Loeb & Barakana 2001). The origin of
reionization of the universe has been in debate
Table 1
The Subaru IBF System
IBF Name Central Wavelength Band Width z(Lyα)
No. ( A˚ ) ( A˚ )
1 IBF392 3922 193 2.22
2 IBF409 4091 201 2.36
3 IBF427 4267 207 2.51
4 IBF445 4451 220 2.66
5 IBF464 4643 230 2.82
6 IBF484 4844 240 2.98
7 IBF505 5053 250 3.16
8 IBF527 5271 260 3.33
9 IBF550 5499 270 3.52
10 IBF574 5736 280 3.72
11 IBF598 5984 295 3.92
12 IBF624 6242 310 4.13
13 IBF651 6512 325 4.36
14 IBF679 6793 340 4.59
15 IBF709 7086 340 4.83
16 IBF738 7381 340 5.07
17 IBF768 7676 340 5.31
18 IBF797 7971 340 5.56
19 IBF827 8266 340 5.80
20 IBF856 8561 340 6.04
21 IBF907 9070 410 6.46
22 IBF965 9650 500 6.94
Table 2
The Final Specifications for the IBF System
Item
Clear aperture 185 mm × 150 mm
Peak transmittance (Tpeak) > 70% (> 80 % goal)
Homogeneity of Tpeak < 5 %
Ripple (valley/peak) > 85%
Linear change (valley/peak) > 90%
CWL tolerance < ±0.25 % of CW
FWHM tolerance < ±0.25 % of CW
Bubble d < 0.1 mm acceptable
d = 0.1-0.2 mm ≤ 5 bubbles
d = 0.2-0.5 mm ≤ 3 bubbles
d > 0.5 mm Not allowed
Stain Not allowed
Fig. 1.— Transmission curves for the Subaru intermediate-band filters. Note that the transmission curves of the first
two filters are not drawn in this Figure.
but there is no firm answer even at present. Since
galaxies could form under the ultraviolet back-
ground radiation responsible for the reionization,
it is very important to investigate the origin of
reionization.
However, observational properties of high-z in-
tergalactic space have been traditionally investi-
gated by using quasar absorption-line systems as
well as the so-called Gunn-Peterson test. There-
fore, any information of this kind is indirect be-
cause neutral gas clouds are used in such studies.
The MAHOROBA survey will be able to detect
many faint emission-line objects between z ≈2
and 7 and thus to investigate what sources are
mainly responsible for the reionization of universe
unambiguously.
It seems also worth noting that two very ex-
tended Lyα emission-line nebulae, Lyα blobs
(LABs), have been found by Steidel et al. (2000);
see also Francis et al. (2001). Their observational
properties are summarized as below (we adopt an
Einstein-de Sitter cosmology with a Hubble con-
stant H0 = 100h km s
−1 Mpc−1); 1) the observed
Lyα luminosities are ∼ 1043h−2 ergs s−1, 2) they
appear elongated morphologically, 3) their sizes
amount to ∼ 100 h−1 kpc, 4) the observed line
widths amount to ∼ 1000 km s−1, and 5) they
are not associated with strong radio-continuum
sources such as powerful radio galaxies. As for
the origin of LABs, two alternative ideas have
been proposed. One is that these LABs are su-
perwinds driven by the initial starburst in galax-
ies because all the above properties as well as the
observed frequency of LABs can be explained in
terms of the superwind model (Taniguchi & Sh-
ioya 2000). The other idea is that LABs are cool-
ing radiation from proto-galaxies or dark matter
halos (Haiman, Spaans, & Quataert 2000; Fardal
et al. 2001; Fabian et al. 1986; Hu 1992). Stan-
dard cold dark matter models predict that a large
number of dark matter halos collapse at high red-
shift and they can emit significant Lyα fluxes
through collisional excitation of hydrogen. These
Lyα emitting halos are also consistent with the
observed linear sizes, velocity widths, and Lyα
fluxes of the LABs. Very recently, one of these
Lyα blobs has been detected at submillimeter
wavelengths, 450 µM and 850 µm (Chapman et al.
2001). Its rest-frame spectral energy distribution
between optical and far-infrared is quite similar to
that of Arp 220, which is a typical ultraluminous
starburst/superwind galaxy in the local universe.
Therefore, it is strongly suggested that the super-
wind model proposed by Taniguchi & Shioya is
applicable to this Lyα blob (Taniguchi, Shioya, &
Kakazu 2001). Since the blob is more luminous
in the infrared by a factor of 30 than Arp 220, it
comprises a new population of hyperwind galaxies
at high redshift. It is expected that such unknown
objects will be found in our survey.
We human being have not yet found very young,
primeval galaxies which do not contain heavy el-
ements. This suggests that any material was
once polluted by so-called Population III objects
formed at z ∼ 10 – 15. Actually we know that
broad emission-line gas clouds associated with
high-z quasars (z > 5) are already polluted chem-
ically (Hamann & Ferland 1999). However, a
question arises here; “have we already made very
deep surveys dedicated to finding such primeval
galaxies ?”. We think that the answer is “no”
because there has been no efficient tool for this
purpose; note that we need wide-field, very deep
imaging surveys with narrower-band filters. It is
known that metal-free, population III stars have
higher effective temperatures and thus they show
very strong Heiiλ1640 emission line without any
metallic lines such as Civ, and so on (e.g., Tumlin-
son, Girouz, & Shull 2001 and references therein).
This means that searches for strong Heii emission-
line sources may lead to the discovery of primeval
galaxies. Our survey will be also dedicated to this
issue.
This project will be an unprecedented trial to-
ward the dark age from the side of the optical
astronomy. Now we are ready to go the realm of
high-redshift blizzard.
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